The association between inflammation and lung tumor development has been clearly demonstrated. However, little is known concerning the molecular events preceding the development of lung cancer. In this study, we characterize a chemically induced lung cancer mouse model in which lung cancer developed in the presence of silicotic chronic inflammation. Silica-induced lung inflammation increased the incidence and multiplicity of lung cancer in mice treated with N -nitrosodimethylamine, a carcinogen found in tobacco smoke. Histologic and molecular analysis revealed that concomitant chronic inflammation contributed to lung tumorigenesis through induction of preneoplastic changes in lung epithelial cells. In addition, silica-mediated inflammation generated an immunosuppressive microenvironment in which we observed increased expression of programmed cell death protein 1 (PD-1), transforming growth factor-β1, monocyte chemotactic protein 1 (MCP-1), lymphocyte-activation gene 3 (LAG3), and forkhead box P3 (FOXP3), as well as the presence of regulatory T cells. Finally, the K-RAS mutational profile of the tumors changed from Q61R to G12D mutations in the inflammatory milieu. In summary, we describe some of the early molecular changes associated to lung carcinogenesis in a chronic inflammatory microenvironment and provide novel information concerning the mechanisms underlying the formation and the fate of preneoplastic lesions in the silicotic lung. Neoplasia (2013) 15, 913-924 
Introduction
Lung cancer is the leading cause of cancer-related mortality in the world, causing more deaths per year than the next two more deadly cancers combined [1] . A number of lung cancer etiological factors have been clearly identified: tobacco smoke, primarily, but also cooking oil vapor, burning coal, radon, air pollution, and occupational exposure to asbestos and other carcinogens [2] . Most of these insults also trigger pulmonary inflammation, which appears to exhibit dysregulation in parallel to the carcinogenic process [3, 4] . Interestingly, several studies have shown that long-term consumption of anti-inflammatory drugs, such as aspirin and specific cyclooxygenase-2 inhibitors, are associated with a reduced incidence of lung cancer [5, 6] . Failure to control the inflammatory response is associated with active recruitment of stromal and inflammatory cells that, in turn, change the tumor microenvironment. The continuous infiltration of these cells incites tissue reparative proliferation in cytokine-and growth factor-enriched stroma [7] . All of these events may lead to sequential preneoplastic changes of the respiratory epithelium; some of these changes will eventually develop into lung carcinoma [8] . In fact, inflammation and carcinogenesis share common mechanistic hallmarks [9] . Importantly, chronic inflammation is also associated with the induction of immune-suppressive mechanisms, such as the accumulation of myeloid-derived suppressor cells and regulatory T cells (Tregs). These cell types inhibit antitumor immunity by blocking the activation of immune effector cells [10] [11] [12] . The blockade of the programmed cell death protein 1 (PD-1)/PD-L1 axis, which negatively regulates T cell responses, has recently been shown to provide clinical benefit in patients with advanced non-small cell lung cancer, with durable response in 6% to 18% of the treated cases [13, 14] .
The contribution of known oncogenes and tumor suppressor genes to lung carcinogenesis has been demonstrated in previous reports using genetically engineered mouse models [15] . However, additional animal models that analyze the effects of airway inflammatory conditions upon cellular and molecular events in lung carcinogenesis are needed [16] . In this study, we developed a chemically induced lung cancer model to study the role of chronic inflammation in lung carcinogenesis. For that purpose, we used a low tumorigenic dose of N -nitrosodimethylamine (NDMA) in combination with oropharyngeal administration of silica. Our model is unique in both the type of inflammatory condition we use to promote cancer and the sequential analysis of malignant lesions that allows us to study separately the effects of inflammation in preneoplastic and full neoplastic lesions.
Silicosis is an occupational health concern. About 3 million workers in Europe were exposed to crystalline silica from 1990 to 1993. Silica exposure has been associated with several disorders, among which airway obstruction (chronic obstructive pulmonary disease) and lung cancer are related to our model. Several meta-analysis generally demonstrate a significant increased risk of lung cancer in patients with silicosis [17] . In mice, silica induces a permanent inflammatory condition in lungs, and marked cellular and stromal changes occur within lung parenchyma; however, it does not lead to lung carcinogenesis [18] . In this study, we show that the inflammatory microenvironment induced by silica markedly increases the incidence and multiplicity of preneoplastic adenomatous lesions and lung adenocarcinoma in mice treated with NDMA. Our findings also indicated that inflammation promotes distinct mutational alterations and, interestingly, increases the number of Tregs in lung stroma. Microarray-based gene expression analysis revealed that, in the presence of silica, lung tumor cells markedly overexpress immunosuppressive genes.
Taken together, our study provides a useful new multistep animal model for examining the specific role of chronic inflammation in promoting lung carcinogenesis and identifies for the first time molecular mechanisms by which silica-mediated inflammation creates a favorable microenvironment for tumor progression.
Materials and Methods

Animal Model and Reagents
Eight-week-old female Balb/c mice were purchased from Harlan Laboratories (Indianapolis, IN). All mouse experiments were approved by the Ethics Committee on Animal Research of the University of Navarra.
Both NDMA (Sigma, St Louis, MO) and silica (US Silica Co, Berkeley Springs, WV) were resuspended in neutral-buffered saline and sonicated for 30 seconds. Mice were treated with oropharyngeal aspiration with a single dose of 7.5 mg/kg NDMA, 9 mg of silica, a combination of both, or saline in a final volume of 90 μl, as previously described [19] . The NDMA dose was determined as the minimal amount of carcinogen able to induce lung tumorigenesis in mice without toxic side effects (data not shown). The amount of instilled silica was chosen as a dose that triggers lung inflammation with minimal toxic side effects (data not shown).
Samples
Plasma samples and mouse lungs were obtained on months 2, 4, 6.5, 9, and 12 after treatment. Representative lung lobes were ligated, sectioned, and rapidly frozen in liquid nitrogen. The remaining material was fixed by immersion in 4% formaldehyde for 24 hours, embedded in paraffin, sectioned along the main bronchial axis, and cut at 3-μm thickness for immunohistochemical analysis.
At the time of analysis, 20-μm thickness cryostat sections of the frozen lobe were obtained and lesions were microdissected by laser capture microdissection (Leica, Wezlar, Germany). RNA and DNA from microdissected tissues were extracted using RNeasy Kit (Qiagen, Valencia, CA) and DNA Mini Kit (Qiagen), respectively.
Lesion Analysis
Tumor incidence was assessed microscopically in a representative set of six sections per mouse including all of the lung lobes. Tumor areas were calculated using the formula:
where L is the largest diameter and W is the largest diameter perpendicular to L. Tumors were classified as adenoma (solid or papillary) or adenocarcinoma, in accordance with the criteria previously published [20] .
Cytokine Measurement
The concentrations of TNF-α, macrophage inflammatory protein-1α (MIP-1α), interferon gamma-induced protein 10 (IP-10), interleukin-1 beta (IL-1β), IL-6, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-10, IL-13, interferon gamma (INF-γ), and IL-12 (p40) were determined in plasma using a mouse Milliplex MAP Kit (Millipore, Madrid, Spain) following the manufacturer's instructions.
Immunostaining
Immunostaining was performed using antibodies raised against mouse p-H2AX (1:50; Cell Signaling Technology, MA), mouse pro-SPC (1:500; Abcam, Cambridge, MA), CC10 (1:4000; Upstate, Billerica, MA), mouse Ki-67 (1:25; Neomarkers, Fremont, CA), mouse CD31 (1:40; Dianova, Hamburg, Germany), mouse cleaved caspase-3 (1:100; Cell Signaling Technology, Danvers, MA), mouse forkhead box P3 (FOXP3; 1:50; ebiosciences, Frankfurt, Germany), and Retnla (1:250; Abcam). Heat-mediated antigen retrieval was used for antibodies against Ki-67, CD31, cleaved caspase-3, FOXP3, and Retnla by microwave exposure for 15 minutes at 800 W and 15 minutes at 375 W in 10 mM sodium citrate (pH 6). Incubations with anti-CC10 and anti-Retnla antibodies were followed by incubation with the indirect avidin-biotin-peroxidase system (Dako, Barcelona, Spain). In the case of p-H2AX, pro-SPC, Ki-67, CD31, cleaved caspase-3, and FOXP3 immunostaining, Envision signal enhancement method (Dako) was used. Slides were washed in TBS and peroxidase activity was detected with 3-3′-diaminobenzidine (Dako). Slides were counterstained with Harris' hematoxylin. Omission of the primary antibodies was used as a negative control in one slide from each staining series. p-H2AX, pro-SPC, Ki-67, cleaved caspase-3, and FOXP3 immunostaining was evaluated by two independent and blinded observers and scored as the mean of the percentages of stained cells in 20 highpower fields (×400). Quantification of CD31 staining was calculated as the mean of the ratio between CD31-positive area and total area using the Analysis software (Olympus, Barcelona, Spain).
Immunohistochemistry to detect mouse CD4, CD8, CD3, CD20, myeloperoxidase, and CD68 was performed using FLEX Ready-to-Use specific antibodies (Dako) according to the manufacturer's conditions.
Mutation Analysis
Mutations in K-RAS (codons 12 and 61), STK11 (exons 1-5, 8, and 9), and TP53 (exons 5, 6, 7, 8, and 9) genes were analyzed in DNA from microdissected malignant tissues by polymerase chain reaction (PCR) amplification and sequencing. Genes were analyzed in DNA from microdissected malignant tissues. DNA was amplified by PCR using the primers shown in Table W1 . After PCR amplification, exons upstream and downstream were sequenced using a BigDye Terminator 3.1 sequencing instrument (Applied Biosystems, Carlsbad, CA); sequences were then compared to a control sequence with SeqScape v2.5 (Applied Biosystems). When a mutation was detected, an additional amplification and sequencing experiment was performed to confirm the result.
Expression Arrays
Gene expression profiles were analyzed in 16 individual lesions (9 adenomas and 7 adenocarcinomas) from NDMA-silica-treated mice and 10 individual lesions (5 adenomas and 5 adenocarcinomas) from NDMA-only-treated mice. RNA was obtained from microdissected tissue of at least eight consecutive 20-μm sections from each frozen tissue block and retrotranscribed. Gene expression was analyzed using a microarray platform containing 28,122 mouse genes (Oryzon Genomics, Barcelona, Spain) following the manufacturer's instructions. For control, cDNA from normal lung was used in all hybridizations.
Normalization of every individual array was performed using the lowest scatterplot smoother implemented in Matlab software as previously described [21] . All of the probes of the array, aside from controls, were used for normalization; the fraction of the data used for smoothing at each point was set to 5%. After calculation of the fold change values, a filtering process was applied to eliminate low expression spots. The criterion of |FC| > 2 in at least one of the samples reduced the number of probes to 33,611 (corresponding to approximately 11,200 genes).
Statistics
Differences between two groups were analyzed using the MannWhitney U test. To determine differences between more than two experimentally independent groups, Kruskal-Wallis H test was chosen. Chi-square test with Fisher correction was applied to study differences between mutational profiles.
Differential gene signatures in expression array experiments were identified using Linear Models for Microarray data [22] . Genes were selected as significant using a B statistic cutoff (B > 0). A threshold of |Z | > 2.3 (P value < .01) was chosen to select genes for further analysis. R/Bioconductor [23] was used for preprocessing and statistical analysis. Functional enrichment analysis of Gene Ontology (GO) categories was conducted using Database for Annotation, Visualization and Integral Discovery [24] , and the biologic interpretation was complemented through use of Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA), in which the database includes manually curated and fully traceable data derived from literature sources.
Results
Silica Strongly Promotes an Inflammatory Process, DNA Damage, and Pulmonary Fibrosis in Mouse Lungs
We first performed a histologic evaluation of the inflammatory response in lungs from mice treated with silica ( Figure 1 , A-O). Lung chronic inflammation was confirmed 2, 4, 6.5, 9, and 12 months after treatment in all silica-treated mice irrespective of NDMA administration; moreover, time-dependent progression of inflammation was clearly observed. In particular, 2 months after silica administration, nodular silicotic granulomas accompanied by marked epithelial hyperplasia were found in central areas close to branching and terminal bronchioles in all lung lobes from all treated mice ( Figure 1 , A, F , and K ). Four months after treatment, inflamed regions were observed in the same lung areas; however, the size of the lesions was markedly larger. Granulomas were confluent and included large acellular centers with peripheral infiltration of lymphocytes. Moderate bronchiolar hyperplasia and hyperplastic type II pneumocytes were also observed surrounding the silicotic lesions (Figure 1 , B, G , and L). After 6.5 and 9 months, silicotic granulomas remained similar in size to those observed after 4 months and exhibited larger central necrotic areas. Parenchyma between silicotic nodules presented increased alveolar proteinosis and thickened alveolar septa; epithelial hyperplasia persisted in the vicinity as well as between the granulomas, and extensive areas of hyperplastic goblet cells were also observed. Interestingly, there was a marked increase of macrophages and lymphocytes in the perivascular and peribronchiolar areas in comparison to lesions at month 4 ( Figure 1 , C, D, H, I, M, and N ). Granulomas at month 12 exhibited larger central necrotic areas. At this time point, the relative abundance of epithelial hyperplasia was reduced, whereas macrophages and lymphocytes persisted in perivascular and peribronchiolar areas ( Figure 1 , E, J, and O). To characterize the inflammatory infiltrate in lungs from NDMA-only-, silica-, and NDMA-silica-treated mice, the presence of CD4 and CD8 T lymphocytes, total T lymphocytes, B lymphocytes, polymorphonuclear leukocytes, and monocyte/macrophage cells was evaluated by immunohistochemistry 2, 4, and 6.5 months after treatment. All these cell populations were significantly increased in lungs from silica-treated mice irrespective of NDMA administration in all of the experimental time points analyzed (Table 1 and Figure W1 ). NDMA administration did not affect inflammatory structural phenotype and leukocyte infiltration in lungs from mice treated with both silica and saline. In addition to the histopathologic analysis, we measured TNF-α, MIP-1α, IP-10, IL-1β, IL-6, GM-CSF, IL-10, IL-13, INF-γ, and IL-12 (p40) plasma concentrations. According to previous findings [25] , silica-treated mice presented significantly higher levels of the pro-inflammatory cytokines TNF-α, MIP-1α, and IP-10 in comparison to the non-silica-treated counterparts. No significant differences in IL-1β, IL-6, GM-CSF, IL-10, IL-13, INF-γ, and IL-12 (p40) plasma levels were found between experimental groups ( Figure W2 ). However, we found a significant increase of mRNA expression of IL-6 and GM-CSF in lungs from NDMA-silica when compared to NDMA-only-treated mice 12 months after treatment, whereas no significant differences between both experimental groups were found for IL-1β ( Figure W3 ). To further evaluate the effects of silica instillation in mouse lungs, we analyzed the phosphorylation of histone H2AX to indicate the level of silica-mediated DNA damage present within lung epithelial cells. One hundred percent of lungs from NDMA-silica-treated mice presented positive p-H2AX staining in hyperplastic areas from bronchiolar epithelium (n = 6; Figure 1 , right panel ). This percentage was reduced over time to 50% (month 4; n = 8) and 33% (month 6.5; n = 3) and disappeared after month 9 (n = 18). Interestingly, p-H2AX was only observed in hyperplastic tissue areas near to granulomatous areas. None of the lungs from NDMAonly-treated (n = 28) or saline-treated (n = 20) mice were positive for p-H2AX. These results indicate that silica promotes DNA damage in lungs. Another important consequence of silica instillation was, as previously described [19] , the development of fibrotic areas extending to the peripheral and distal regions of the lung in all of the experimental time points (data not shown). As previously described [18] , we did not detect adenomas nor adenocarcinomas in mice treated with silica alone.
Chronic Inflammation Increases the Incidence and Multiplicity of NDMA-Induced Lung Tumors
We next analyzed whether silica-mediated chronic lung inflammation influences the carcinogenic effects of NDMA. We examined the preneoplastic and neoplastic lesions in mice treated with saline, silica, a poorly tumorigenic dose of NDMA, and combination of the same dose of NDMA and silica. Silica-treated mice developed chronic inflammation; however, no lung adenomas and adenocarcinomas were detected at any time during the experiment. However, 75% of mice treated with NDMA exhibited adenomas after 6.5 months. Premalignant adenomas were detected earlier in mice treated with the combination of silica and NDMA compared with NDMA-onlytreated mice (4 months after treatment vs 6.5 months, respectively). Moreover, the incidence and multiplicity of these adenomas were markedly higher in all of the experimental time points in the combined treatment group compared with NDMA-only treatment (Figure 2A) . Interestingly, mice treated with the combination of silica and NDMA also demonstrated a three-fold increase in both incidence and multiplicity of lung malignant adenocarcinomas compared with mice treated with NDMA only ( Figure 2B ). The ratios of adenocarcinoma to adenoma were statistically equivalent: 0.20 ± 0.3 in the combined treatment and 0.12 ± 0.27 in NDMA only (P = .36). Taken together, these data suggest that silica-mediated local chronic inflammation significantly reduces the latency period for the appearance of preneoplastic lung lesions and strongly promotes lung carcinogenesis.
Lesions in Mice Treated
Despite an increase in lung cancer incidence and multiplicity in mice treated with the combination of NDMA and silica, we did not observe NDMAonly-treated mice were analyzed at months 4 (n = 4), 6.5 (n = 4), 9 (n = 4), and 12 (n = 19) after treatment. NDMA-silica-treated mice were analyzed at months 4 (n = 8), 6.5 (n = 8), 9 (n = 8), and 12 (n = 21) after treatment. Incidence rate was calculated as the percentage of mice with at least one lung lesion. Multiplicity is represented as the average of the number of lesions found in mouse lungs ± SEM. P values were calculated using the Kruskal-Wallis test in adenomas, whereas the test chosen for the analysis of adenocarcinomas was the Mann-Whitney U test. significant histologic differences between the lesions present in the two experimental groups (Figure 3, A-H ). Immunohistochemical analysis of the expression of CC10, an airway Clara cell marker, and pro-SPC, a type II pneumocyte marker, revealed that adenomas and adenocarcinomas from NDMA-only-and NDMA-silica-treated mice were consistently positive for pro-SPC and negative for CC10, whereas non-malignant normal and hyperplastic bronchiolar epithelium exhibited positive staining for CCL10, and only hyperplastic alveoli were positive for pro-SCP (Figure 3, I-P) . These data suggest that tumors are potentially derived from hyperplastic type II cells or less committed cells following the type II differentiation pathway. Furthermore, we found no statistical differences in the average size of adenomas (P = .405) or adenocarcinomas (P = .256) between both experimental groups. Immunohistochemical analysis of Ki-67 and CD31 revealed that there was no increase in the proliferative capacity and in the vascular density of adenomas from NDMA-silica when compared to NDMA-only-treated mice. However, a statistically significant increase of active caspase-3 immunostaining was found in adenomas from NDMA-silica-treated mice when compared to those from NDMA-onlytreated mice (P < .001), suggesting that silica promotes apoptosis within adenomas ( Figure W4 ).
Silica-mediated Chronic Inflammation Modifies the K-RAS Mutation Profile in NDMA-Induced Lung Tumors
We next evaluated the presence of somatic mutations in oncogenes and tumor suppressor genes associated with lung carcinogenesis in humans and mice: K-RAS, STK11, and p53. In particular, we analyzed activating mutations in K-RAS (codons 12 and 61) and inactivating mutations in TP53 (exons 5-9) and STK11 (exons 1-5, 8, and 9) . This analysis was performed on DNA from lung adenocarcinomas of mice treated with NDMA-silica (n = 10) or NDMA only (n = 5). Of the 15 adenocarcinomas studied, 13 exhibited mutation in K-RAS, either in codon 12 or codon 61. Importantly, the mutational pattern was different between the NDMA-only and NDMA-silica-induced lesions. Specifically, the K-RAS mutations in tumors that originated following NDMA-silica treatment was primarily G-to-A transition (G12D) in codon 12, whereas A-to-G transition (Q61R) in codon 61 was the most frequent alteration in adenocarcinomas from mice treated with NDMA only (P = .031; Figure 4) . None of the adenocarcinomas analyzed presented somatic mutations in p53 and STK11 hotspots.
Silica-induced Chronic Inflammation Exhibits a Pro-inflammatory Gene Expression Profile
To further characterize the effects of silica-mediated chronic inflammation in lung carcinogenesis, we performed microarray analysis. Minimal differences in gene expression were found in adenocarcinomas from NDMA-silica-and NDMA-only-treated mice (Table W2) . However, marked gene expression differences were observed between NDMA-silica and NDMA-only adenomas. In particular, 36 genes were upregulated and 13 downregulated in adenomas from mice treated with NDMA-silica compared to mice treated with NDMA only ( Figure 5A and Table 2 ). Interestingly, a substantial group of the most relevant upregulated genes in the NDMA-silica model, such as Saa3, Retnla, Irg1, Serpina3n, Adam8, and Lta, plays a key role in inflammation. To confirm this finding at the protein level, we chose one of these genes, Retnla, upon commercial availability of commercial anti-mouse specific protein antibody. Retnla expression was analyzed by immunohistochemistry ( Figure 5B ). Most of the adenomas (17 of 23) from NDMA-silica-treated mice exhibited positive staining for Retnla, whereas adenomas (11 of 16) from NDMA-only-treated mice were negative (P = .011). Functional analysis of the genes differentially expressed in adenomas and adenocarcinomas from both experimental groups demonstrated differences in the enriched GO categories. In adenomas, the presence of silica-mediated inflammation affected GO categories associated with inflammation and immune response, whereas enriched categories in adenocarcinomas were unrelated to these processes (Table W3) .
Silica-induced Chronic Inflammation Promotes an Immunosuppressive Microenvironment in Adenomas
Malignant transformation may be associated with an immunosuppressive microenvironment. Using microarray expression data, we analyzed whether silica-induced chronic inflammation generates an immunosuppressive microenvironment in adenomas and adenocarcinomas in NDMA-treated mice ( Figure 6 ). Genes associated with immunosuppression, such as PD-1, transforming growth factor-β1 (TGF-β1), lymphocyte-activation gene 3 (LAG3), monocyte chemotactic protein 1 (MCP-1), or FOXP3, presented higher expression levels in adenomas from NDMA-silica-treated mice compared to mice treated with NDMA only ( Figure 6A ). No differences were observed in the expression of these genes among adenocarcinomas from both experimental groups (data not shown). Additionally, we assessed the presence of FOXP3-positive cells within adenomas from mice treated with NDMA-silica (n = 15) and NDMA only (n = 15) using immunohistochemistry. All FOXP3-positive cells analyzed presented lymphocyte morphology. Positive FOXP3-positive lymphocytes were counted separately in the lesions and in the immediate peripheral lung parenchyma tissue (the "capsule" of the lesion). We did not observe FOXP3-positive lymphocytes within adenomas from NDMA-only-treated mice, whereas 7.1% of adenomas from NDMA-silica-treated mice exhibited at least one FOXP3-positive lymphocyte ( Figure 6B) . We analyzed the FOXP3-positive cells present at the periphery of adenomas; one hundred percent of adenomas from NDMA-silica-treated mice exhibited at least one FOXP3-positive peripheral lymphocyte, whereas only 16.5% of adenomas generated following NDMA-only treatment exhibited at least one FOXP3-positive lymphocyte in the peritumoral area ( Figure 6B ).
Finally, we investigated whether silica-induced chronic inflammation increases the number of FOXP3-positive lymphocytes in distant lung tissue. We analyzed the presence of FOXP3-positive lymphocytes in lymphoid clusters located in non-injured lung areas distant from adenomas. Twelve percent of NDMA-silica lymphocytes stained positive for FOXP3 in these distant clusters, whereas only 2.7% were positive in the NDMA treatment ( Figure 6, C and D) . Taken together, these results demonstrate that silica-mediated chronic inflammation promotes the development of an immunosuppressive microenvironment.
Discussion
In this study, we demonstrated that chronic inflammation strongly promotes lung carcinogenesis in mice. To mimic human lung cancer in the context of chronic inflammation, we developed for the first time a chemical-induced carcinogenesis mouse model that comprised the administration of a low tumorigenic dose of NDMA, a carcinogen present in tobacco smoke, in the presence of chronic silicainduced lung inflammation. Silica is a particulate irritant that induces pulmonary inflammation in a similar way as other inhaled particles, such as asbestos [26] . In our study, histologic analysis of the lungs from silica-treated mice revealed that, as previously described [ 25, 27] , this compound triggers a chronic and progressive granulomatous lung inflammation accompanied by a systemic increase of proinflammatory cytokines TNF-α, IP-10, and MIP-1α. Importantly, the analysis of the model at different experimental time points allowed us to explore in depth preneoplastic and full malignant neoplastic lesions. Thus, we found that silica-induced chronic lung inflammation markedly increases the incidence and multiplicity of lung adenomas and adenocarcinomas following NDMA treatment. These results are in concordance with other animal models that explore the effects of different inflammatory agents in chemically induced lung tumor promotion. Continuous administration of butylated hydroxytoluene has been shown to increase the carcinogenic effects of both 3-methylcholanthrene [28] and urethane [29] . Exposure to a lysate of Haemophilus influenzae, an agent that triggers chronic obstructive pulmonary disease-like airway inflammation, has also been reported to generate a higher incidence of lung tumors [30] . It has also been demonstrated that inflammation caused by repetitive exposure to specific levels of tobacco smoke increases carcinogenesis in both carcinogen-treated mice and in conditional K-RAS transgenic mice [31] .
Chemicals such benzo[a]pyrene, benz[j]aceanthrylene, cyclopenta
[cd ]pyrene, and 3-methylcholanthrene promote K-RAS point mutations in codons 12 and 13, whereas the predominant mutation in ethyl carbamate-and urethane-induced lung tumors occurs in codon 61 [32] [33] [34] [35] [36] . In the present study, our findings indicated that in lung adenocarcinomas from mice treated with NDMA only, glutamine in codon 61 is replaced by arginine. However, adenocarcinomas generated in a silica-mediated inflammation context exhibit G-to-A transition in codon 12. Interestingly, activation of K-RAS through transition G12D mutation is strongly associated with the presence of marked inflammation characterized by the production of inflammatory chemokines and infiltration of alveolar macrophages and lymphocytes [37] . In human lung tumors, the most frequent K-RAS gene alterations are point mutations in codon 12 [38] . Thus, the pattern of K-RAS mutations in human lung cancer is more similar to the combined NDMA-silica model compared to the NDMA-only model. None of the adenocarcinomas analyzed exhibited somatic mutations in TP53 or STK11; the absence of TP53 mutations is common in chemically induced mouse tumors [39] . The development of an immunosuppressive microenvironment seems very relevant for malignant transformation and is closely associated with chronic inflammation [7] . We did not observe differences in the presence of immunosuppressive genes between adenocarcinomas from NDMA-only-versus NDMA-silica-treated mice. In contrast, there were clear differences in the expression of the immunosuppressive genes PD-1, TGF-β1, MCP-1, LAG3, and FOXP3. PD-1 is an immunosupressor membrane protein present on activated T cells. The clinical usefulness of PD-1 blockade by a specific antibody has recently been demonstrated in patients with advanced non-small cell lung cancer [14] . TGF-β1 modulates processes such as cell invasion or immune regulation and thus avoids the protumorigenic effects of chronic inflammation [40] . Interestingly, blockade of the activity of TGF-β1 by neutralizing antibodies inhibits lung metastasis in mice [41] . MCP-1 is a chemokine locally produced by tumors and involved in the recruitment of inflammatory cells. A high level of MCP-1 promotes tumor macrophage infiltration and correlates with poor prognosis and metastatic disease in patients with breast cancer [42] . Inhibition of MCP-1 significantly improves tumor immunotherapy [43] . Furthermore, these factors (PD-1, TGF-β1, and MCP-1) also exert immunosuppressive activities through the promotion of Tregs activities [43] [44] [45] . Tregs are produced in the thymus as a functionally mature T cell subpopulation [46] . They are important in maintaining immune tolerance and limiting autoimmunity. However, Tregs also attenuate immune responses against tumors [47, 48] . In fact, the suppressive activity and number of Tregs are increased in human lung cancer [49, 50] . LAG3 and FOXP3 are two important markers of Tregs. LAG3 is a CD4-related protein that binds major histocompatibility complex (MHC) class II and reduces the proliferation of T cells [51] . FOXP3 is a key regulator of the development and function of Table 2 . Genes Differentially Expressed in Adenomas from NDMA-Silica-Treated Mice versus Adenomas from NDMA-Treated Mice (B 0; |log FC| 1.5).
Genes
Description Log FC P Value B Tregs [52] . In accordance with previous studies [53] , we have found an increase in the percentage of FOXP3-positive lymphocytes in lymphoid clusters in mice treated with silica. Importantly, we found a marked increase of Tregs in preneoplastic lesions in NDMA-silicatreated mice. The permissive environment provided by FOXP3-positive T cells is required for K-RAS-mediated tumorigenesis in mice treated with 4-(N -nitrosomethylamino)-1-(3-pyridyl)1-butanone, a carcinogen present in tobacco smoke [54] . In addition to promoting an immunosuppressive microenvironment, silica-induced chronic inflammation significantly increased apoptosis levels within adenomas maybe due to the increased DNA damage and the inflammatory stress triggered by silica administration. Taken together, our findings suggest that chronic inflammation generates a favorable microenvironment for the generation of preneoplastic lesions that potentially contributes to the progression of adenomas to adenocarcinomas. In summary, in this study, we developed a novel mouse model of lung cancer that allows for the study of the interaction of chronic inflammation with lung tumorigenesis. Molecular analysis of this model reveals some of the underlying mechanisms through which chronic inflammation facilitates the development of preneoplastic lesions and, consequently, lung cancer. Elucidation of the interplay between inflammation and lung carcinogenesis will help in the development of preventive strategies to slow down or avoid the generation of premalignant lesions and the conversion to malignant tumors.
Upregulated genes
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